Progeny families (first selfs) and hierarchically extracted "second selfs" produced by consecutive selfing of random individuals of a four parent cross, are compared theoretically and experimentally for their accuracy and efficiency in providing estimates of predictors of the properties of random inbred lines and second cycle hybrids extractable from the same cross. In theory, both sources provide biased estimates of the predictors of means and variances both in the absence and presence of complications like epistasis, linkage dis-equilibrium and genotype x environmental interactions. While some of these biases are trivial and_can be ignored for all practical purposes, those incurred by the predictors of the overall mean of random inbred lines (Dc1S) are often significant and they can be corrected by estimating Dc1S as 2Dc1S1-Dc1 and Dc1S2-Dc1, instead of as Dc1S1 and Dc1S2, respectively.
INTRO D U CTI ON
have described procedures for predicting the properties of random inbred lines and second cycle hybrids that can be extracted from a double cross produced by intermating four pure breeding varieties. These procedures provide useful information on the inbreeding and outcrossing potentials of double crosses and could be used to discriminate between the more and the less productive crosses. However, a large number of generations, many of them only distantly related to the double cross itself are required for making these predictions. Consequently the breeding demands are high and particularly laborious when the material under investigation produces only one or few seeds per cross pollination. This could impose stringent restrictions on the experimental size and decrease the reliability of the results.
Under these circumstances it is appropriate to ask whether simpler and smaller breeding programmes, especially the ones that rely heavily on self-pollination can be acceptable alternative sources of the predictors.
In the present paper we explore the suitability of the progeny families ("first selfs") and hierarchically extracted "second selfs" of a double cross as alternative sources of predictors. They will be compared theoretically and experimentally for their accuracy and efficiency in providing estimates of parameters that allow us to make predictions with an acceptable level of precision. Theoretically, we shall obtain the expectations of the predictor parameters and determine their biases under simple and complicated genetic situations. In practice, experimental data from two Nicotiana rustica experiments, one raised in 1981 and the other in 1983, will be analysed to make predictions and test their validity under field conditions.
RANDOM INBREDS, SECOND CYCLE HYBRIDS AND SOURCES OF PREDICTORS
The breeding programme for producing a double cross and extracting random inbred lines and second cycle hybrids from it is presented in a diagramatic form in table l.The double cross (Dc1) is obtained by crossing two unrelated single crosses (F1's) which in turn are produced by crossing two pairs of pure breeding varieties, P1 with P2 and P3 with P4. A random sample of n individuals is taken from the double cross and self-pollinated to produce the "first selfs" (Dc1S1). Each of these n progeny families (Dc1S1) is then advanced to the next generation (Dc1S2) by self-pollinating a single individual chosen at random. This procedure of random sampling and self-pollination is repeated until homozygosity is achieved.
Inbreeding by the method of single seed descent yields n inbred lines (Dc1S) from n individuals of the double cross. Because the number of families remain the same from the beginning to the end of the inbreeding programme, large samples of individuals can be taken from the double cross to take advantage of unrestricted recombination in the early generations and eliminate the risks of genetic drift and gene correlations. Pairwise intermating of these inbred lines should also lead to a better representative sample of second cycle hybrids that can be extracted from the double cross.
One of the two sources that we shall use for predicting the properties of the random inbreds is the progeny families that are obtained by selfpollinating a random sample of individuals from the double cross generation. From the analysis of these "first selfs" we can estimate the overall mean Dc1S1 and the within (cr5DC1sl) and between family (aI)C1Si) components of genetic variation. To predict from "first selfs" alone we must therefore assume that Dc1S1 Dc1S, the overall mean of the random inbreds and that OI)cS1 + 2ODciSl 0hflc1S..,, the additive genetic variance of the inbred lines.
The second source that we shall use for making predictions is the hierarchical selfs (second selfs) that are extracted from the progeny families (first selfs) described earlier. From each of the "first selfs" a minimum of two plants must be selfed to construct a hierarchical structure amongst the second selfs (Dc1S2). Analysis of these hierarchical families provides estimates of their overall mean (Dc1S2) and two between (°I)s2 and o-h2Ds2) and a within family (o8Ds2) components of genetic variance. To make predictions from the "second selfs" alone we must assume that Dc1S2 
Inbreeding by single seed descent pairwise crossing at random Table 3 Contributions of the genetic and environmental parameters (defined by Pooni and Jinks 1985) to the within variances of parental varieties, F1's and the double cross generation and the components of variance of the first selfs, second selfs, random inbreds and second cycle hybrids. Theoretical expectations of the means and components of variances of the two source generations, the double cross and its constituent single crosses and the parental varieties are given alongside those of the random samples of inbreds and second cycle hybrids in tables 2 and 3. All of these expectations with the exception of the two sources have already been derived by Pooni and Jinks (1985) for a simple additive, dominance and additive environmental model. They are listed in these tables for comparison. Further, there are 24 different ways of producing a double cross from four pure breeding varieties. For example, we can choose to cross F1(1x2) with F1(3x4) orF1(1x3) with F1(2x4) or F1(l x4) with F1(2x3) to produce the double cross. Moreover we may choose the first or the second F1, or one of their two reciprocals to be the female parent. The same choices are also available for selecting the male parent. While, however, these choices can lead to a significant difference in the mean performances of the double crosses, the properties of the random inhreds and second cycle hybrids that can he extracted from them are not expected to differ.
THEORETICAL BIASES OF THE PREDICTORS

Random inbreds
It is clear from table 2 that both sources provide biased estimates of Dc1S,. The estimate from the "first selfs" deviates from Dc1S by h' where is a linear dominance component equal to_ the difference between the double cross mean (Dc1) and Dc1S on a simple additive and dominance model, The "second selfs" on the other hand provide an estimate of Dc1S, which is biased by h'. In the presence of non-allelic interactions these biases change from h' and h' to h'+j'+l' and h'+ j'+1' where j' and 1' are the additive>< dominance and dominance x dominance interaction components associated with the mean of the double cross generation. The situation can be further complicated by the presence of genotype x environmental interactions which could reduce or increase the biases by opposing or reinforcing the directional effects of h' and h' or h' + j + l' and h'+j'+1l' when epistasis is significant. The overall effects of these biases on the predictions will however be determined by their direction and magnitude which may differ with the pairing of the parental varieties in the single crosses. - The predictors of a-)C, like those of Dc1S-, are also biased. Again the estimate from "first selfs" is biased approximately twice as much as that from the "second selfs" and these biases fall into two categories. A major proportion of the bias is due to the dominance component of variance which is equal to (Vh1+Vh2+Vh+Vh4+2Vh+ Vh6+Vh7) (see Pooni and Jinks, 1985 , for definitions of Vh1 etc.) for "first selfs" and (Vh1 +Vh2+
It is obvious that whenever dominance variation is significant both estimates of ODcS will he inflated, that from the "first selfs" more so than that from the "second selfs". The second cause of bias is the covariance component between the additive and dominance effects of those loci which have unequal gene frequencies. Its magnitude, -(Wdh1 + Wdh2 + Wdh3 + Wdh4) and -(Wdh1 + Wdh2 + Wdh3 + Wdh4) respectively, however is expected to be relatively small unless there is a systematic preponderance of either plus or minus alleles over the whole range of loci.
Similarly, neither source is expected to provide true estimates of Dc1S and ODc1S in the presence of epistasis, a linkage disequilibrium and genotype Xenvironmental interactions. However, excluding the biases described above, they are expected to provide close approximations of Dc1S, and UhI)iS.
The first and second degree statistics that are available from the double cross and the source generations also provide weighted least squares estimates of Dc1S and OI)cs for comparison (see Mather and Jinks 1982 The two estimates of SCH that are obtained from Dc1S1+F1(1 x2)+F1(3 x4) and Dc1S1+ 13c1+F1(1 x2)+F1(3 x4) differ theoretically from SCM by (h6+ h7) and (2h5 + h6 + h7), respectively. The distortions due to these biases are therefore expected to be negligible unless the dominance components h5, h6 and h7 have unusually large magnitudes and take the same sign. The biases incurred by the estimate of the variance component, Vh1 + Vh2 + Vh1 + Vh4) -(Wdh1 + Wdh2+Wdh3+Wdh4), are minor and can be ignored.
EXPERIMENTS AND RESULTS
Two experiments, one for making predictions and the other for testing the validity of predictions under field conditions were conducted during 1981 and 1983, respectively. The material in the prediction experiment consisted of four Nicotiana rustica varieties V1, V5, V2 and V12, single crosses F1(1 x5) and F1(2 x 12) and their reciprocals, F1(1 x5) x F1(2x12) and F1(2xL2)xF1(1x5) reciprocals of the double cross and the "first" and "second" selfed generations extracted from the double cross by hierarchical selfing. Sixteen families of a full diallel produced from the parental varieties by pairwise crossing and selfing, four reciprocals F1(1x5)xF1(2x12), F1(2x12)xF1(1x5), F1(5x 1)xF1(12x2) and F1(12x2)xF1(5x1) of the double cross generation and 120 Dc1S6 inbred lines produced from the double cross by the method of single seed descent constituted the experimental material for the assessment experiment. The inbred lines grown in the assessment experiment and the "first selfs" and "second selfs" raised in the prediction experiment were extracted from equal num- The overall means of various generations obtained by averaging over reciprocals whenever reciprocal differences were significant, are given for the seven characters in table 5. To make predictions from the "first selfs" and "second selfs" alone we must assume that their means provide appropriate estimates of Dc1S, the overall mean of the random inbreds that can be extracted from the double cross. To establish, however, the direction and magnitude of biases incurred by each of these estimates and to test the adequacy of a simple additived dominance model, we obtain weighted and double cross generations and the mean squares of various items in the analyses of variance of the "first selfs" and "second selfs", are given in table 6. For the "first selfs" the significance of each between family mean square was tested against the corresponding within variance. For the "second selfs" between second selfs within first selfs mean squares were tested against the within family variances and between first selfs mean squares against the between second selfs within first selfs mean Pooni and Jinks (1984a; 1984b) 
(2) (1) 
CONCLUSIONS
Estimates of the predictors of the properties of random inbreds and second cycle hybrids that can be extracted from a four parent cross can be compared for their reliability on two criteria. The first and most obvious criterion is whether the theoretical expectations of the predicted and observed statistics are the same. On this criterion both sources are unreliable even in the absence of complications like non-allelic interactions, linkage disequilibrium and genotype x environment interactions. Predictors estimated from the "first selfs" are however expected to differ more from the observed statistics than those from the "second selfs" because the magnitudes of their biases are twice as large (see section on "Theoretical biases of the predictors" and tables 2 and 3). On the other hand, the two sources differ only marginally if we consider the second criteria, namely, the sampling errors of the estimates of the predictors. While those from "second selfs" are always expected to have the larger sampling errors when the experimental size is the same, their relative magnitudes can be easily manipulated by altering the structure of the experiment. Consequently the relative reliabilities of the two sources are expected to differ from experiment to experiment. Predictors of the overall mean and genetic variance of the second cycle hybrids also differ theoretically from the corresponding observed statistics. These differences, however, are exceptionally small and often involve no more than small fractions of the dominance components of means and variances. Furthermore, these predictors are subjected to much smaller sampling errors than those of random inbred lines (see sections on "Theoretical biases of predictors" and tables 2 and 3).
The experimental results in table 7 are in general agreement with these theoretical conclusions.
For characters H6, LL, LW and FH the estimates of the predictors of I)c1S obtained from "first selfs", "second selfs" and weighted least squares analysis always rank 1, 2 and 3 following the contribution of the principal bias, the dominance component h', which is positive and highly significant for these characters. For the remaining characters this ranking does not occur because neither the dominance nor epistatic component of the means was significant. Similar patterns expected between the estimates of the predictors of the variances, however, are masked by their larger standard errors. Nonetheless, it is clear that the predictors of crbDC,S. are highly consistent over al the sources for H4, H6 and FT but less so for HET, LL, LW and FH. The largest discrepancies between the estimates are for HFT and FH and in both cases it is the estimates from "second selfs" that are unreliable. Estimates of SCH on the other hand are highly consistent for all the characters.
The predictions of the numbers of random inbred lines that transgress the standards like the predictors themselves are biased in the direction of the dominance whenever it is significant (see table 8 ). Therefore, neither "first selfs" nor "second selfs" can be used alone to make predictions that can be considered reliable. However, the reliability of either source is improved appreciably if we substitute 2Dc1S1 -Dc1 and Dc1S2-Dc1 for Dc1S1 and Dc1S2 as predictors of Dc1S (see predictions given in brackets in table 8).
